Articles you may be interested in Self-consistent coupling of chemical, electron and radiation models for shock wave in Jupiter atmosphere AIP Conf. Proc. 1501, 1400 (2012) The self-consistent 1D kinetic Harris-like model of a collisionless current sheet is developed for the case of the current sheet experiencing the impact of an external uniform gravity field. The ambipolar Pannekoek-Rosseland electric field appears in the system as a result of the additional drift motion of ions and electrons. This produces separation of charges, which is responsible for corresponding changes of the current sheet form. The presence of gravitation leads to formation of asymmetric distributions of the magnetic field as well as the plasma and the current density changes. Our estimations show that gravity-forced disruptions of the current sheet profile may occur in the Mercurial magnetosphere and, most probable, in the Io plasma torus near the Jupiter. Also, the model can be applied to magnetospheres of exoplanets. Published by AIP Publishing.
I. INTRODUCTION
Theoretical models of plasma equilibria have been successfully employed in the physics of collisionless space plasma for a prolonged time. The models allow investigating a structure and equilibrium of current sheets that are thought to be long-lived quasi-stationary structures. Current sheets are frequently observed objects in the solar wind, at planetary magnetopauses or in magnetotails of the Earth, Mercury, Jupiter, and Saturn. Other examples are current sheets occurring in the solar corona and at interplanetary shocks, the heliospheric current sheet, and current sheets in magnetospheres of neutron stars. The model of Walker (1915) aimed to study galactic structures was one of the first models of plasma equilibria that could be applied to current sheets. The model describes two-dimensional magnetic structure with a singular X-line, representing the solution of the Grad-Shafranov equation (Grad and Rubin, 1958; Shafranov, 1966) cDA ¼ À4p P a e a n oa V a expðe a V a A=cT a Þ. Here A is the vector-potential, c is the light speed, e a are the charges of particles of two kinds a ¼ p þ ; e À , and V a ; T a are, correspondingly, the flow and temperature velocities of the plasma component a. The model is still used in the theory of relativistic beams (Benford and Book, 1971) .
As shown in Manankova and Pudovkin (1999) , Manankova et al. (2000) , the well-known Harris current sheet model (Harris, 1962 ) is a specific 1D solution of the following self-consistent system of equations f a W 0 ; P y ð Þ¼ const; rotB x ¼ 4p c X a¼i;e ðṽ f aṽ ; z ð Þdṽ; X a¼i;e q a n a ¼ 0;
The Harris current sheet model describes a plane current sheet that is infinite in X,Y-directions, with zero electric field (Ẽ ¼ 0; u ¼ 0) and the tangential magnetic field B ¼ fB x ðzÞ; 0; 0g. Here and below we use a so-called GSM (solar-magnetospheric) system of coordinates, where X axis is directed from the Earth's center towards the Sun, Z axis is directed along the Earth's magnetic dipole, and Y axis is pointed from the dawn to evening. The equilibrium distribution function f a in (1) should be constant and depend on two integrals of motion only (Galeev, 1983) : the total particle energy W 0 ¼ m a v 2 =2, and the generalized impulses P y ¼ m a v y þ ðe=cÞA y ðzÞ.
The neutral plane {X,Y} separates magnetic fields of opposite directions; the magnetic field strength and all other parameters in the system depend on Z coordinate only. The distribution function is chosen in the form of a shifted Maxwellian distribution with the isotropic temperature T a , which can be easily converted into the following form, using the integrals of motion
Here T a is the temperature of the a kind of particles, m a is the particle mass, V ay is the flow velocity in the Y direction, N a ¼ n 0 ðm a =2pT a Þ 3=2 and n 0 is the coefficient of normalization of the distribution function.
The self-consistent vector-potential A y ðzÞ is the solution of the Maxwell equation
with the boundary condition dA y =dzj z¼0 ¼ 0, and A y ðz ! 61Þ ¼ 6B 0 z in the following form:
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An implication of some generalization of the exact equilibrium solutions of Eq.
(1) to the case of plasma with interpenetrating plasma flows as well as with the anisotropic pressure across and along the magnetic field was suggested by Veselovskii (1971 Veselovskii ( , 1976 . It shows a possibility of the existence of periodic "layer-cake" structures in such plasmas. The Harris solution allows different applications widely used in the plasma physics. Meanwhile, it has some restrictions because of its one-dimensionality. For example, it is impossible to apply the Harris solution to the Earth's magnetotail conditions, which slowly change along the magnetospheric tail, but the normal component of the magnetic field experiences significant variations with distance from the Earth. Later Schindler (1972) and Birn et al. (1975) , Lembege and Pellat (1982) obtained a generalization of the Harris equilibrium for the two-dimensional case, in which solutions depend on Z and X coordinates
where FðxÞ is the arbitrary slowly changing function of the X-coordinate. The magnetic field and the plasma density of a 2D current sheet have corresponding views
The function FðxÞ ¼ 1 in Eq. (5) corresponds to the Harris solution (Harris, 1962) . It should be noted that any X and zero-lines are absent in this solution. The consideration of different views of the function FðxÞ allows obtaining different solutions without current filaments. For example, a 1D model of Yoon and Lui (1996) and Lui and Yoon (1995) describes plasma as a liquid with a shifted drift velocity in the Y direction as V y ðzÞ ¼ V 0 h 2 =ðz 2 þ h 2 Þ. The corresponding selfconsistent magnetic profiles have the following form:
The class of solutions with current filaments was obtained and investigated by (Fadeev et al., 1965; Manankova and Pudovkin, 1999; Manankova et al., 2000; Kan, 1973; Brittnacher and Whipple, 2002; Birn et al., 1975) . It was applied to explanations of processes of magnetic island formation, resulting from magnetic reconnection in space plasmas. Particularly, the equilibria within one, two or the infinite chain of island were described by Yoon and Lui (2005) . In the present work we pay an attention to the class of equilibria, which can be reduced to the Harris model in some limited cases. We will take into account the influence of gravity on the structure of the current equilibrium in space plasmas and build a selfconsistent model. The problem of a current sheet, experiencing the influence of gravity, is far from solving despite its obvious importance. Generally, none of the abovementioned self-consistent models take into account the gravity forces, which can play a significant role, influencing the ion motion. This may take place in atmospheres of stars or magnetospheres of planets, where a horizontal current plasma layer is influenced by the gravity field of a planet or a star. Such a configuration may occur, e.g., in coronal magnetic loops or in the subsolar regions of magnetopauses of the Mercury and Io's plasma torus in Jovian magnetosphere. The equilibrium of current sheets should be maintained by pressure gradients of the underlying plasma, which is accompanied by separation of electrical charges and the formation of the vertical electric field (Neslusan, 2001) .
The most recent attempt to study a current sheet in a gravity field was made by Goodman (2011) , who considered and developed a MHD model, in which important characteristics, such as the anisotropic electrical conductivity, the viscosity, and the thermoelectric tensors for the electron-proton plasma was supplemented by the 1-D solution of Harris model (4). An additional supposition of compensation of the gravity force by the viscosity related to the plasma, flowing along magnetic field lines, allowed to estimate vertical plasma transfer in the current sheet numerically. That work became an important step in understanding processes in current sheets that experience a gravitational impact, as Goodman (2011) showed that plasma transport in such current sheets may be strongly anisotropic and inhomogeneous, i.e., may influence current sheet formation. However, Goodman's model is not self-consistent, which means that it does not allow estimation of the gravitation field action on the structure of the magnetic field. Furthermore, the Goodman's model deals with dense viscous plasma of the solar corona and is not applicable in magnetospheres of planets.
The present work is aimed at building a modified one dimensional self-consistent Harris-like model that takes a homogeneous gravitation field into consideration in order to investigate its main effects on the Harris current sheet structure. We will analyze the obtained equilibrium solutions, peculiarities of their structure and scaling, as well as their possible applications to various plasma objects. The solutions can be reduced to the Harris model in some limited cases.
II. THE MODEL
Let us consider a stationary current sheet in an external 1D gravitational field. We suppose that all parameters change only in the direction perpendicular to the sheet (i.e., along the Z axis). Thus, this is a model of a1D current sheet with the electric, magnetic, and gravitational components, which may be expressed as follows:
Here, u is the electrical potential; E z is the vertical electric field; h is the gravitational potential, and g z is the only component of the gravitational acceleration that is directed along Z. We put the component of the vector potential A x ¼ 0. As a result, the only component of the magnetic field B x remains in the system, and the condition of the absence of magnetic charges is automatically fulfilled. The stationary current sheet is described by the stationary collisionless Vlasov-Maxwell equations
where "þ" corresponds to ions and "-" corresponds to electrons. W 0 generally, solutions of Vlasov-Maxwell equations (11)-(13) are arbitrary functions of particle integrals of motion. One can find integrals of particles motion as follows:
For the reader's convenience, we introduce the following notations:
At the next step, let us assume that all the potentials and magnetic field equal to zero at z ¼ 0.
If the electrostatic and vector potentials are equal to zero at z ¼ 0, then the distribution function is a solution of the Vlasov-Maxwell equations and coincides with the Maxwellian distribution function at z ¼ 0
Here, n is the normalization coefficient for the concentration, and v 6 is a drift velocity. To simplify the task, we suppose the plasma to be mono-temperature. Let us substitute Eq. (17) in Eqs. (12) and (13), and introduce the notation v þ ¼ Àv À À du ¼ Àu À du, where du corresponds to the contribution of the gravitational field into the drift, which leads to violation of the relation v þ ¼ Àv À . Therefore, one can find
Having this, one can get solutions for the homogeneous electric field, which corresponds to the case of the homogeneous gravitation field. To obtain the solutions, we make the following assumption:
Here, CðzÞ is the arbitrary function. Let us show that gravitational contribution du equals to zero. Ion and electron drifts in the corresponding electric and gravitational fields are as following:
From Eqs. (21), (22), one can see that the terms independent of C do not contribute in du. The absence of C means that electric and gravitational fields are homogeneous just as supposed. In this simple case, we find that
Eq. (24) returns a well-known expression for the electric field of Pannekoek-Rosseland (Neslusan, 2001; Pannekoek, 1922; Rosseland, 1924) .
Taking into account (20), (23), (24), Eq. (19) becomes 
Þg is the height scale parameter that, in accordance with (24), determines the scaling of plasma concentration changes occurring under the gravity force in the absence of the magnetic field (which corresponds to the well known barometric formula). The scale parameter can be expressed as a function of a gravitational acceleration g in a form of
Eq. (25) can be re-written in the dimensionless form
where
A 0 is the unit of the vector potential. Value k determines the electric field direction. The length is normalized to the height scale parameter. After the substitution s ¼ bA þ kZ, Eq. (26) becomes
The obtained expression (27) is analogous to the equation for the vector-potential in the Harris model (Harris, 1962) , but other boundary conditions are required in our case
The solution of Eqs. (27), (28) has a form
Therefore, the corresponding dimensionless magnetic field B becomes
The dimensionless current density is equal to
where cA 0 =4pr 2 is in the unit of the current. The concentration is equal to the first term in (25), divided by 4pe
The obtained solutions for the magnetic field should be compared with Harris ones (Harris, 1962) , where the magnetic field and the current density have the corresponding forms (see also (4))
In Eqs. (33), (34), a depends on r.
It is noteworthy that the r parameter is not used in the Harris model. However, we employ it as the unit of length, so it appears in Eqs. (33) and (34). The solution (30), contrary to (33), is odd due to the influence of gravity. In the absence of the magnetic field, the plasma would be distributed according to the Boltzmann approximation (i.e., according to the well-known barometric formula). Solution (32) with the magnetic field is a kind of composition of 
where r d is the Debye radius. Because of r ¼ lT=ejEj ¼ 2T=gðm þ þ m À Þ, two cases are possible: ab ) 1 (a weak gravity case) and ab ( 1 (a strong gravity case). In the case of ) 1, solution (30) tends to the solution described by Eq. (33). The comparison of solutions for the magnetic field and current densities is shown in Fig. 1 for the case of a ¼ 0:
Solutions (30) and (31) are similar to the Harris model, but they have a correspondingly shifted axis of symmetry of the magnetic field profile.
The position of the current density maximum is defined as
One can see that the effect of the homogeneous gravitational field leads to the shift of the plasma concentration maximum (or the current density maximum) in the direction of the gravitational acceleration. Moreover, the thickness of the current sheet becomes smaller (as follows from Eq. (33)). This occurs because the thickness of the Harris current sheet is proportional to the Debye radius that characterizes the scale of plasma quasi-neutrality. Meanwhile, the gravitational field contributes to the charge separation. As a result, the effective radius increases.
Another limiting case of ab ( 1 corresponds to the strong gravity force. The current sheet scale is presumably determined by the scale height. Since this parameter is small, the current sheet is thin. The maximum value of the magnetic field tends to be zero for positive Z with increasing gravity (the gravitational acceleration is collimated with Z coordinate). At negative Z values, a certain maximum value of the magnetic field is achieved. As it follows from Eq. (30), for an arbitrary ab, the maximal magnetic field becomes
III. DISCUSSION AND CONCLUSIONS
We have built a 1D Harris-like model of the equilibrium current sheet (Harris, 1962) , taking into account the external homogeneous gravitational field. The impact of the gravity force on ions produces separation of charges, which consequently leads to asymmetry of both the position and the structure of the current sheet relatively to the neutral plane. In the limiting case of a weak gravity, the solution reminds the Harris model (Harris, 1962) . If the gravitational field is strong, the asymmetry of the magnetic field is strongly pronounced. The classical Harris solution for the magnetic field is distorted by the gravity force, and it has the form of a step between a finite value and nearly zero value in the limit of a strong gravity force.
The built model probably represents the simplest case of a current sheet model in the presence of the gravitational field. It may be used as a test or the first approximation for the creation of more complex models. The practical implementation of the model is limited by the ab value, which should not exceed 1. In that case, there are favorable plasma conditions corresponding to the maximal charge separation and visible effects. Taking into account (35), this means that parameters should be as follows: both the thermal pressure and the drift velocity in the direction perpendicular to the current sheet should be low, and the gravity acceleration should be high.
As follows from (24) and (10), the occurring electric field is
Near the Earth's surface, its value is quite small: E % 3 Â10 À8 V/m and much less upper, therefore gravitation effects should be neglected in the magnetosphere. The ambipolar electric field, occurring near current sheets of most planetary magnetospheres due to the gravity effects, is even weaker. However, ab % 500 in the Mercury magnetosphere at 1.5 radii, which corresponds to the 10% shift of the maximal magnetic field regarding the Harris solution (compare (30) and (33), and see Fig. 1 ). The shift value is $1/500 of the height scale, which is $7 km at a temperature of $1 eV and a plasma density of $40 cm À3 under the supposition of full co-rotation of the magnetosphere and the planet. The whole thickness of the current sheet will be $150 km.
Another even better case when the effect may take place is the Jovian magnetosphere near the Io, where there is a plasma torus that appears due to volcanism of the moon. The material of the torus is mainly represented by sulfur, oxygen, and protons. As a result, the atomic mass of the Io torus is $22 amu. Since 2ab is inversely related to the ion mass square, the key parameter is quite low in the Io plasma torus case. Similarly to the Mercury, one can find that 2ab ¼ 17 at the temperature of 10 eV, and the density of 40 cm À3 if a current sheet is rather far from the Io. The Jupiter provides the main gravitational impact in the system. In this particular case, deviations from the Harris model become significant, as E % 3 Â 10 À8 V/m, which is four orders larger than the co-rotation electric field. Therefore, the discussed effect should not be neglected in the case of slowly rotating planets with rarefied atmospheres or in the vicinity of moons of giant planets.
We have discussed above possible applications of the model to the Mercurian magnetosphere and the Io in terms of most appropriate plasma parameters, but the proper geometry of currents should be taken into account too. The geometry of the model is that the current sheet plane is perpendicular to the gravity field direction. In the case of the Mercury, the position of the current sheet is about 1.5 Mercurian radii from its center that corresponds to an approximate height of the subsolar point where such current sheets are possibly located. In the Io case, the moon has its own cylindrical magnetosphere elongated in the direction of the Jovian magnetic field lines; therefore, cylindrical current sheets can be formed at the edges of the magnetosphere.
It should be taken into account that the real gravitational field of celestial bodies is not one-dimensional in the Cartesian coordinate system. Systems of electric currents are not one-dimensional either. However, if a current sheet width is small along the gravity field direction, the latter can be considered as an uniform field. Also, if to restrict the consideration by the analysis of segments of a thin current sheet with a characteristic size much smaller than its curvature radius, the current sheet can be considered as flat. In other words, our model is local.
Finally, it should be noted that our model can be applied not only to planetary magnetospheres in the Solar System, but also to magnetospheres of extrasolar planets. A lot of known exoplanets are located close to their stars and have their orbital periods of about one week. If this is combined with the same rotation periods and the tidal force impact, one can suppose the existence of own magnetospheres of the planets (see an example of strong magnetospheres of exoplanets in Johansson et al. (2011) ). The effective gravitational field is increased in that case due to the proximity to a star, therefore, according to (38), the ambipolar electric field can be significantly larger in comparison with corresponding fields in the Mercurian magnetosphere.
